OBJECTIVES: Detailed information about the dynamic geometry of the left ventricular outflow tract (LVOT) is of great importance for transcatheter aortic valve implantation (TAVI), since these valves utilize the LVOT as a landing zone for optimum placement and fixation. The LVOT is generally considered circular in shape and stable in its conformation. However, recent studies indicate that this may not be the case.
INTRODUCTION
The only curative treatment for symptomatic aortic valve stenosis is aortic valve replacement [1] . The therapy entails either conventional open chest surgery or transcatheter aortic valve implantation (TAVI). Modern TAVI-techniques are considered less invasive than open-chest surgery, and can be proposed in patients not eligible for conventional aortic valve replacement because of old age or comorbidities [2] . When employing this method, it is important to understand the dynamic geometry of the left ventricular outflow tract (LVOT), since these prosthetic valves utilize the LVOT, in conjunction with the aortic annulus, as a landing zone in order to ensure correct placement and fixation. Furthermore, selection of valve size is, in part, based on measurements of the LVOT [3] .
The cross-section of the LVOT is generally assumed circular and stable in conformation throughout the cardiac cycle. These assumptions are made out of practicality, and exploited in the continuity equation, as they allow non-invasive echocardiographic assessment of the aortic valve area for the evaluation of the patient's disease state, and aid in choosing the correct treatment strategy. However, recent studies have indicated that the LVOT is not circular, but rather ellipsoidal [4, 5] or irregular in shape [6] , and may potentially undergo dynamic changes during the heart cycle [7] . Therefore, assuming a circular shape of the LVOT may cause an erroneous estimation of the aortic valve area, and potentially the severity of the disease.
Thus far, little attention has been paid to the potential dynamic geometrical changes that the LVOT may undergo throughout the cardiac cycle, in the assessment of aortic valve stenosis. The aim of this study was therefore to investigate this issue in pigs with and without aortic valve stenosis, and thus to quantify the actual changes in geometry in this region.
MATERIALS AND METHODS

Study design
This study was conducted as a prospective intervention-sham study in an experimental animal model undergoing aortic banding to induce left ventricular hypertrophy, resulting from chronic increased afterload. By exploiting the natural growth of the pig, it was subjected to a relative decrease in aortic valve area compared with its size, by fixing the aortic outflow surgically at the age of 4 weeks. During the intervention period, the animals have time to adapt to the increasing cardiovascular challenge by producing hypertrophy of the left ventricle. The model thereby attempts to mimic the natural history of the human aortic stenosis with a decreasing aortic outflow area, giving rise to compensatory cardiac hypertrophy [8] .
Animals
In total, 22 5.0-kg female Danish Landrace piglets (±0.47 kg) were divided randomly into two groups; intervention (n = 14) and control (n = 8). All experiments were conducted after approval from the Danish Inspectorate of Animal Experimentation and conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996).
Surgical procedures
Upon arrival at the surgical facility, all the animals were lightly sedated by intramuscular (IM) injection of 0.5 mg/kg midazolam and 5 mg/kg ketaminol to allow intravenous (IV) access via an ear vein. The same dosage was administered intravenously before endotracheal intubation and coupling to a ventilator (GE Datex-Ohmeda S/5, Avance). Anaesthesia during the surgical procedure was maintained by inhalation of atmospheric air mixed with 3% sevoflurane and 50% O 2 , and analgesics by injection of 20 μg/kg fentanyl (IV) and 10 mg/kg Finadyne® Vet. (IV) and 2 mg/kg Esmoron® (IV) was given for muscle relaxation.
Under sterile conditions, the ascending aorta was exposed via a left lateral thoracotomy in the third intercostal space, and dissected free of the pulmonary trunk. Two pieces of silicone tubing (3.0 mm Ø) were sized to the circumference of the aorta, threaded with non-absorbable suture (2-0 Ticron) and tied around the aorta to accomplish a non-constrictive banding [8] . Afterwards, the pericardium was sutured, the thoracotomy closed in layers and the pneumothorax exsufflated. Immediately after the surgery, the animals were ear tagged, made awake, extubated and ultimately transported back to the farm once their conditions were stable. We chose a sham-operated control group in order to isolate the effect of the aortic banding. One tube was loosely sutured in a non-constricting fashion at the same location as in the intervention group (length 40 mm).
Prophylactic antibiotics were administered both before and after the surgical procedure (30 mg/kg Zinacef® IM before and after the surgical procedure, combined with 20.000 IE/kg Penovet® Vet. IM postoperatively). Postoperative pain management was achieved by administration of 250 mg paracetamol per rectum and injection of 10 mg/kg Finadyne® Vet. IV. Both Penovet® Vet. and Finadyne® Vet. were administered in same dosage once daily for 5 days postoperatively (IM).
Sacrifice of animals
The anaesthetized animals were sacrificed after follow-up, by means of exviceration of the heart and great vessels to allow weighing. The animals were sedated using the previously mentioned protocol.
Twenty μg/kg fentanyl (IV) was administered prior to sacrifice. Animals sacrificed before follow-up were done so by over-dosage of pentobarbital IV (200 mg/kg).
Examinations with cardiovascular magnetic resonance imaging
Cardiovascular magnetic resonance imaging (CMRI) was performed 9 weeks postoperatively, using a Philips Achieva 1.5T MR-scanner (Philips Healthcare, Best, Netherlands), equipped with Nova Dual Gradients and Software release 2.6.3. One author (T.L.) performed all the scans. Scout images were obtained to determine the position and orientation of the longaxis of both the LV and the ascending aorta.
To characterize the dynamics of the LVOT, a stack of eight slices covering the LVOT-region, aligned perpendicular to the long-axis of the ascending aorta was obtained. This was done during end-expiratory apnoea using a retrospective, electrocardiogram (ECG)-triggered balanced steady-state-free precession breath-hold cine sequence. The imaging parameters include the following: repetition time (TR) = 3.0 ms, echo time (TE) = 1.49 ms, flip angle = 65°, acquisition matrix = 160 × 146, field of view (FOV) = 320 × 320 mm 2 , half Fourier acquisition in the phase encoding direction, spatial in-plane resolution = 2.0 × 2.19 mm, slice thickness = 4 mm with no gap, number of heart phases = 30 and scan time 2:50 min.
To obtain information regarding the morphology of the LV, a stack of 12 consecutive short-axis slices encompassing the ventricles from base to apex was also acquired. These were aligned perpendicular to the long-axis of the LV. The same parameters were used as just mentioned, but slice thickness was 6 mm.
Cardiac output (CO) was measured at the aortic annulus, using a high temporal resolution free breathing phase contrast sequence (50 frames per cycle). The scanning parameters included: TR: 6.3 ms, TE: 3.9 ms, flip angle: 30°, FOV: 300 × 210 mm, voxel size: 1.875 × 2.5, slice thickness 6 mm, two averages. Bandwidth: 359 Hz/pixel, flow compensation, V enc : 120 cm/s, ECG triggering, no breath holding and scan time 2:07 min.
MRI-quantitative analysis
From the long-axis MRI scan of the LVOT, the exact level of the LVOT-orifice was identified ( Fig. 1) . At this position, the luminal dimensions, at both end-systole and end-diastole, were assessed using OsiriX Imaging Software (v. 3.7.1 64-bit). By tracking the area of interest throughout the cardiac cycle, and correlating the level of the LVOT to a long-axis scan of the LVOT and ascending aorta ( Fig. 1 ), we were able to compensate for translational movements of the structures in any of the three axes (x, y and z).
To evaluate the geometry at end-systole and end-diastole, the internal diameters of the LVOT were measured as follows: first the largest internal distance (DLVOT long ) was defined manually, and perpendicular to this, the largest distance again (DLVOT short ) (Fig. 1C) . In all the subjects, the DLVOT long was positioned approximately parallel to the anterior mitral annulus. End-systole was defined as the timeframe of minimum ventricular luminal diameter, and end-diastole as the timeframe of maximum ventricular luminal diameter. From the internal diameters, it is possible to calculate the eccentricity index (EI) of a superimposed elliptical structure, where EI = 1-(DLVOT short /DLVOT long ).
Using the Segment analysis software (version 1.8 R0835, Medviso AB), the geometry and morphology of the left ventricle was evaluated [9] .
Quantification of aortic stenosis was achieved post-mortem by evaluating the effective outflow area by using Hegar's dilators. The diameter of the largest rod possible to insert into the aortic orifice was then converted into a cross-sectional area (area = π × (0.5 × diameter) 2 ).
Statistical analysis
Owing to relatively small sample sizes, non-parametric analyses where performed. Two-tailed P-values < 0.05 are considered statistically significant. Results are displayed as mean values ± 1 SD, unless otherwise stated. All statistical analyses were performed using Prism 5.0b (GraphPad Software Inc., San Diego, CA, USA). Within-group comparisons were performed using the Wilcoxon signed rank test. Between-group comparisons were performed using the Mann-Whitney test.
To assess intra-observer variability, a single observer (T.L.) performed all geometric measurements for each subject three times, on different occasions, blinded to the previous findings. Measurements were compared using the Friedman test, followed by pairwise comparison, using Dunn's Multiple Comparisons test. For evaluation of inter-observer variability, a second observer (H.H.M.N.) repeated all geometric measurements on all subjects. Agreement between observers was evaluated by calculation of the Spearman's correlation coefficient. Weighted mean systolic and diastolic LVOT parameters were calculated for both groups, by averaging the repeated values from one observer and combining this with the values from the second, independent observer. The weighted averages were used in the final analyses.
RESULTS
The average postoperative observation time was 65 days (range 63-68). In the control group, one animal was sacrificed prematurely because of failure to thrive. Four intervention animals died before completion of CMRI; two were sacrificed postoperatively-one because of bacterial pericarditis (discovered upon autopsy) and one because of failure to thrive. One animal died 8 days after surgery on the farm because of acute cardiac failure and one other died prematurely during MRI. All the remaining animals performed without displaying signs of heart failure or failure to thrive. One intervention animal was excluded from the final analysis. This was done on the basis of several discrepancies between this individual and the other animals in the intervention group. Firstly, the average weight of the left ventricle in this group was 39.4 g, but this individual was measured at 103.1 g. Secondly, this individual displayed an ejection fraction of only 22% leading to a CO of 0.88 l/min, in contrast to the other animals, which exhibited an average of 73% and 1.56 l/ min, respectively. On the basis of these observations, we concluded that the individual had entered end-stage of the induced disease much more rapidly than the others, and thus had to be eliminated in order to minimize skewing of the results. The haemodynamic and general characteristics are listed in Table 1 . Our intervention animals exhibited significant left ventricular hypertrophy (P = 0.01) and a significantly reduced effective aortic outflow area caused by the banding procedure (P < 0.001).
LVOT internal diameters
The results are displayed in Table 2 . There was a significant difference between the longest and shortest internal diameter in both the intervention group (P < 0.01) and control group (P = 0.02) at both points of time. In addition, the longest internal diameter significantly decreased in both groups, from diastole to systole. A similar change was not demonstrated with regard to the shortest diameter. When comparing the internal diameters of the two groups, at similar time points, no significant differences were demonstrated.
LVOT eccentricity
The results are displayed in Table 3 . We found that the EI of the LVOT decreased significantly from diastole to systole in both the intervention and control group. Moreover, the EI significantly differed from 0.0 at all times during the cardiac cycle in both groups. No significant differences between the two groups were found (P diastole = 0.49, P systole = 0.40).
Intra-and inter-observer variability
We found a significant correlation between the two observers, with low variability (data not shown).
DISCUSSION
Modern TAVI-techniques can be applied in previously inoperable patients [2] , and TAVI-prostheses are designed on the premise that the aortic annulus and LVOT are perfectly circular and have a stable geometry and are thus relatively rigid and circular. Optimum fit is paramount to mitigate any complications, such as paravalvular leak or embolization of the prosthesis. Detailed temporal and spatial information concerning the LVOT and aortic annulus is therefore of vital importance. We have, in this study, shown that in both the healthy and hypertrophied left ventricles, the LVOT is never circular and significantly changes shape from systole to diastole. Consequently, implantation of a circular prosthesis in an ellipsoid structure might be unadvisable.
Clinically, 2D-echocardiography with application of the continuity equation is still widely used for assessing the aortic valve area in patients with aortic valve stenosis. This is due to convenience, practicality, the procedure's speed and non-invasive nature [1] . However, this method has inherent limitations and flawed assumptions, such as that the LVOT-orifice is both circular and stable in shape during the cardiac cycle. Our data verify that this is not the case. We were able to show significant differences between the longest and shortest internal diameters within both hypertrophied and non-hypertrophied animals. In addition, the eccentricity indices were never equal to 0.0, and thus, the geometry of the LVOT-orifices clearly deviated from a perfect circle.
These findings are supported by previous human trials, where the LVOT geometry was also found to deviate substantially from a perfect circle [4-7, 10, 11] . In 2008, Khaw et al. [7] demonstrated an overall shape-change of the LVOT from circular to elliptic based on an increment of the EI. However, this finding is in opposition to ours, as our data suggest a significant 'reduction' in EI from end-diastole to end-systole, indicating a change from an ellipsoid towards a more circular conformation. Perhaps, the pig displays a different dynamic geometrical pattern than man.
Our results still support the preliminary hypothesis that the LVOT exhibits notable geometric changes throughout the cardiac cycle.
The LVOT-orifice consists of a muscular region (septum) and an annular region (anterior mitral leaflet) [12] (Fig. 2) . In our study, we found that the longest internal diameter of the LVOT appears to undergo substantial changes, while the shortest remained mostly unchanged. This could be explained by the fact that the muscular part of the LVOT contracts in union with the myocardium, and thus alters the shape of the LVOT during the cardiac cycle. The stability of the shortest diameter could be Values are indexed to body mass. DLVOT long : longest internal diameter of the LVOT; DLVOT short : shortest internal diameter of the LVOT. Note that only DLVOT long displays significant changes during the cardiac cycle. There were no significant differences when comparing the two groups. Changes in EI during the cardiac cycle. The EI describes the geometry of a given structure, as EI = 1-(shortest internal diameter/longest internal diameter). The higher the EI, the more ellipsoidal a structure, and the lower the EI, the more circular. Note that the EI was never equal to zero. The EI in both groups thus changes from being ellipsoidal to more circular during the cardiac cycle. We found no difference in the dynamic geometric pattern when comparing the intervention and control group.
caused by the ejection of blood from the left ventricle, exerting a force on the internal walls of the LVOT, thus pushing back on the supposedly more flexible part of the orifice-the annular part-thereby forcing it away from the septum. So far, this mechanism has not been studied in detail.
In combination with the reduction of EI from end-diastole to end-systole, the LVOT changes shape from an ellipsoidal conformation to a more circular conformation. We propose a combination of two responsible processes; (i) movement of the anterior part of the mitral valve, and (ii) side-to-side compression of the LVOT due to septal myocardial contraction.
We found no significant difference in EI between groups (P diastole = 0.49, P systole = 0.40), despite the evident hypertrophy of the left ventricle in the intervention group (P = 0.01). This finding could be due to effective compensatory mechanisms, or perhaps because the hypertrophy does not directly alter the LVOT dynamics. The latter could be ascribed to the limited interventional period, in which marked impact upon the LVOT may not have been produced.
Because we have been able to demonstrate an ellipsoidal shape of the LVOT, measurement of only one diameter using 2D-echocardiography will either under-or overestimate the true cross-sectional area of the LVOT when using the continuity equation.
If the geometry of the LVOT is perfectly elliptic, the EI will directly correspond to the percentage-wise mal-estimation of the LVOT-orifice area when performing 2D-echocardiography under the assumption of a circular geometry. This is evident since area ellipse = π × a × b and area circle = π × b 2 . Thus,
This means that an EI of 0.2 may result in 20% misjudgement of the area, compared with direct planimetry. In this study, we observed average EI's ranging from 0.15 to 0.27 (Table 3) . Accordingly, proper assessment of the LVOT shall be based on at least two orthogonal diameters. Doddamani et al. [10, 11] demonstrated similar degrees of eccentricity of the LVOT during systole (EI = 0.18 and 0.20), in healthy individuals, which is comparable to our control group (EI = 0.19). In addition, the LVOT of their patients were seldom circular, and often elliptical. Poh et al. 2008 [6] demonstrated in >50% of patients with varying degrees of aortic stenosis that the LVOT was either oval or irregular in shape. These data are also supported by previous studies involving either only patients with aortic stenosis [5] or both patients with aortic stenosis and controls [4] . However, these studies have made no attempts to quantify the eccentricity or the potential dynamic change during the cardiac cycle.
Study limitations
During MRI acquisition, we could compensate for most translational movements of the structures in any of the three axes (x, y and z), but not for any pivoting or tilting motions. Any semiperpendicular cut-plane through the LVOT would result in artificially exaggerated eccentricity of the outflow tract. Meticulous slice orientation was instituted to avoid this. The optimization of 3D cardiac MRI and multiplanar reconstruction technology may in part mitigate these problems, by enabling direct selection of the desired view plane. Owing to technical limitations, such protocols currently do not allow the same level of spatial and temporal resolution as achieved in this study.
Adopting an animal model sacrifices generalizability for tight experimental control-presenting the opportunity to create highly homogenous groups. Most importantly, it is possible to control the severity of the aortic stenosis and create highly uniform degrees of axis symmetrical stenoses. We thus avoided the difficulties associated with generalizing data based on varying calcification of the aortic cusps and congenital valve deformities as seen in patients. Consequently, we could expect the animals to show a very high degree of homogeneity with respect to their dynamic LVOT geometry prior to the surgical procedure, and any changes in this geometry afterwards should be caused by the induced stenoses.
Perspectives
Correct evaluation of an aortic valve stenosis depends on detailed spatial and temporal information regarding the LVOT and the aortic valve region. Furthermore, detailed information regarding the geometry and dynamics of the LVOT is critical when performing catheter-based valve implantation, to ensure correct placement and fixation of the prosthesis.
The methods presented in this study can be directly applied to humans, and will potentially allow assessment of the LVOT and aortic valve region in patients with poor acoustic windows that cannot be satisfactory evaluated with echocardiographic modalities, and individuals with renal failure disease who are intolerant to CT-contrast media. MRI-based aorto-ventricular planimetry would allow sufficient preoperative evaluation of all patients.
Adoption of MRI aorto-ventricular planimetry could improve patient outcomes through more precise patient-tailored intervention therapy, yielding valve implants designed to specifically fit the individual patient and the possibility of instituting appropriate adjuvant surgical procedures.
We propose that the daily practice of LVOT-evaluation should consist of two sets of measurements: one in systole and one in diastole, both including the shortest and longest internal diameter, and subsequently consider the LVOT as an ellipse. Future TAVI-prosthesis may benefit from a more flexible graft design of the distal part inserted into the LVOT. The prosthesis will thus exert a decreased radial force upon this anatomic region, in turn potentially mitigating the complications seen after TAVI, e.g. branch blocks or arrhythmias.
CONCLUSION
In summary, the LVOT (i) undergoes substantial conformational changes during the cardiac cycle, (ii) is ellipsoid in shape throughout the cardiac cycle, (iii) is predominantly compressed along its longest internal axis during the systole and (iv) dynamic geometry did not change significantly, in the studied animals, after induction of significant LV hypertrophy by banding of the supra-annular part of the aorta. At this time, there is sufficient evidence to conclude that the LVOT is non-circular and is distorted by the contracting myocardium.
Consequently, when evaluating the LVOT prior to TAVI, current assumptions regarding a stable and circular geometry of the LVOT are inappropriate and need to be revised to ensure the continued improvement of the treatment of patients with aortic valve stenosis, using this technique.
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